Abstract. Mounting evidence suggests that microRNAs (miRNAs) play important roles in the development of cancer by targeting expression of tumor-related genes. In the present study, downregulation of miR-193b was observed in hepatocellular carcinoma (HCC) tissues and HCC cell lines by quantitative RT-PCR analyses, suggesting that miR-193b is a tumor-suppressor in HCC. More importantly, miR-193b significantly enhanced the cytotoxicity of cisplatin in HepG2 cells by targeting Mcl-1. Knockdown of the Mcl-1 gene by specific siRNA exhibited a function similar to miR-193b on sensitizing HepG2 cells to cisplatin-inducing cytotoxicity. Furthermore, the miR-193b-induced sensitization of HepG2 cells to cisplatin cytotoxicity was abolished by the transfection of Mcl-1 expression plasmid that lacked the 3'-untranslated region (3'-UTR). In addition, activation of caspase-3 was needed for sensitization by miR-193b to cisplatin-mediated cell death. Thus, the present study revealed the downregulation of miR-193b in HCC cells and illustrated a synergistic effect on cisplatin-induced apoptosis by targeting Mcl-1.
Introduction
Hepatocellular carcinoma (HCC) is one of the most prevalent types of cancer and the leading cause of human mortality worldwide (1) . Aberrant gene expression and somatic mutations induced by genotoxic agents that cause DNA damage remain one main process leading to the development of HCC (2) . Most patients are diagnosed at a late stage and thus miss the most optimal period for effective treatment. Systematic chemotherapy plays a crucial role in HCC treatment especially for patients with terminally staged tumors (3) . Cisplatin is a widely used chemotherapeutic agent for the treatment of HCC. However, a high dose of cisplatin causes serious side effects and also kills normal cells, and the long-term side effects of cisplatin, which are carcinogenic can cause secondary cancers (4) . microRNAs (miRNAs) belong to a class of small, endogenous, non-coding, single-stranded RNAs, which are ~22 nucleotides in length. Growing evidence indicates that miRNAs functionally repress target proteins by pairing with the 3'-untranslated region (3'-UTR) of specific target mRNAs, inducing mRNA degradation or translational repression (5) (6) (7) . Studies have demonstrated that miRNAs are involved in many biological processes such as cell proliferation, differentiation, development and apoptosis (8, 9) . miRNAs also play important roles in the development of cancer, and may act as either oncogenic molecules or tumor suppressors by regulating respective target genes (10, 11) . However, the role of miRNAs in cancer chemotherapy remains largely unknown.
Herein, we provided evidence showing the absence of miR-193b expression in HCC cells. Furthermore, we demonstrated that miR-193b significantly enhanced the antitumor effect of cisplatin in HCC therapy by targeting Mcl-1, which is an anti-apoptotic Bcl-2 family member (12) . Furthermore, the activation of caspase-3 was required for the sensitization of HCC cells by miR-193b to cisplatin-mediated cell death.
Materials and methods
Reagents. Cisplatin, zVAD-fmk, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO) and the Annexin V-FITC Apoptosis Detection kit were obtained from Sigma-Aldrich (St. Louis, MO, USA). Antibodies for rabbit anti-human Mcl-1, rabbit anti-human caspase-3, rabbit anti-human poly-ADP-ribose polymerase (PARP) and rabbit anti-human β-actin were purchased from Cell Signaling Technology (Danvers, MA, USA). miR-193b mimics, Mcl-1 siRNA and the negative control oligonucleotide (NCO) were purchased from GenePharma Company (China). 
Quantitative real-time polymerase chain reaction (RT-qPCR).
Total RNA was extracted from the patient tissues or the HepG2 cells using TRIzol (Invitrogen), and the cDNA was synthesized using M-MLV reverse transcriptase (Invitrogen) following the manufacturer's instructions. The reverse transcription of miR-193b was performed by stem-loop RT-qPCR method (13) and the RT-primer sequences are as follows: 5'-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTG AGAGCGGGAC-3'. The expression of mature miR-193b was quantified by real-time PCR using SYBR-Green (Takara, japan) according to the manufacturer's instructions. Quantification of U6 was used to normalize the miRNA expression level using the 2 -ΔΔCT method (14) . U6 forward primer was 5'-CTCGCTTCGGCAGCACA3'. The expression of Mcl-1 mRNA was also determined by qPCR and the GAPDH mRNA was taken as the internal control. The primer sequences are as follows: Mcl-1 forward, 5'-GGCTAAACAC TTGAAGACCA-3' and reverse, 5'-TGGAAGAACTCCACA AACC-3'; GAPDH forward, 5'-CACTCCTCCACCTTTGA-3' and reverse, 5'-CCACCACCCTGTTGCTG-3'.
Plasmid construction. To construct the pMIR-Mcl-1 3'-UTR-WT plasmid, a wild-type 3'-UTR segment of human Mcl-1 mRNA (927-2348 nt, GenBank accession no. NM_001197320) containing the putative miR-193b binding sequence was amplified by PCR using the following primers: forward, 5'-AGGGCAAGAGGATTAT-3' and reverse, 5'-CTGTAGAG GGAGCAGAA-3', and then cloned into the downstream of the firef ly luciferase gene in the pMIR-REPORT™ miRNA Expression Reporter Vector (Life Technologies, Carlsbad, CA, USA). pMIR-Mcl-1 3'-UTR-MUT, which carried the mutated sequence in the complementary site for the seed region of miR-193b (GGCCAGU to GGCGUGU) was generated using the Site-Directed Mutagenesis kit (Takara) based on the wild-type plasmid. The open reading frame of the Mcl-1 gene without 3'-UTR was amplified by PCR with the cDNA as template and cloned into the pcDNA3.1 vector (Invitrogen); the recombinant plasmid was named pcDNA3.1-Mcl-1.
Luciferase reporter assay. HepG2 cells were incubated in 48-well plates. The cells were co-transfected with 50 pmol/ml of either miR-193b mimics or NCO plus 2 µg/ml of either pMIR-Mcl-1 3'-UTR-WT or pMIR-Mcl-1 3'-UTR-MUT plasmid, and 100 ng/ml of the Renilla luciferase pRL-TK vector (Promega, Madison, WI, USA). Cells were collected 24 h after transfection and analyzed using the Dual-Luciferase Reporter system (Promega) according to the manufacturer's instructions. Firefly luciferase activity was normalized to the Renilla luciferase activity.
Western blot analysis. Protein extracts were separated by 12.5% SDS-PAGE and transferred onto PVDF membranes. This was followed by probing with rabbit primary antibodies against human Mcl-1 and β-actin. The membranes were then incubated with a horseradish peroxidase-conjugated secondary antibody or goat anti-rabbit IgG (Cell Signaling Technology). After washing, the proteins were visualized with an enhanced chemiluminescence detection kit (Pierce, Rockford, IL, USA).
Measurement of cell viability by MMT assay.
HepG2 cells were seeded in triplicate in a 96-well plate at a density of 3x10 3 /well. After incubation for 12 h, the cells were transfected with miR-193b, Mcl-1 siRNA or NCO. After incubation for 24 h, the HepG2 cells were treated with cisplatin for another 48 h. MTT (20 ml, 5 mg/ml) was added to each well and incubated for 4 h. Medium was aspirated and 100 µl DMSO was added to each well. Absorbance was read at OD 570/655 nm using the Bio-Rad Model 680 microplate reader (Bio-Rad, Hercules, CA, USA). Results are represented as the ratio between the various treatments and the negative control.
Apoptosis assay. HepG2 cells were transfected with miR-193b or NCO for 48 h, and then cells were treated with cisplatin for another 48 h. After treatment, the cells were incubated with Annexin V/propidium iodide (PI) for 15 min at room temperature according to the manufacturer's instructions and analyzed using flow cytometry (Becton Dickinson, San Jose, CA, USA).
Statistical analysis. Data are expressed as mean ± SE. Student's t-test and ANOVA analysis were conducted with SPSS 14.0 software to assess the statistical significance between treatments. A P<0.05 was considered to indicate a statistically significant difference.
Results

Downregulation of miR-193b in HCC patient tumor tissues and cell lines.
The expression of miR-193b in 40 paired samples of clinical HCC tumor and adjacent normal liver tissues was determined using RT-qPCR assays. We found that miR-193b expression was significantly decreased in the HCC tumor tissues compared to this level in the adjacent normal liver tissues (Fig. 1A) . To validate this finding, the expression of miR-193b was determined in liver cell lines. The results showed that the expression of miR-193b was substantially lower in the HCC cell lines than that in the L02 cells (Fig. 1B) . These results suggest that miR-193b may function as a tumor suppressor in HCC.
miR-193b sensitizes cisplatin-induced apoptosis in HepG2 cells.
To explore the effect of miR-193b on cisplatin treatment in HCC, we used miR-193b mimics to increase the intracellular levels of miR-193b in the HepG2 cells, and the overexpression of miR-193b was confirmed by qPCR ( Fig. 2A) . We subsequently used the MTT assay to examine the effect of miR-193b on cisplatin treatment in HepG2 cells. As shown in Fig. 2B , the enforced expression of miR-193b plus cisplatin led to a significant decrease in the viability of the HepG2 cells compared to the viability in the cells treated with cisplatin combined with NCO. Furthermore, we selected a moderate concentration of cisplatin (2 µM) for the combination treatment with miR-193b to detect the apoptosis induction. As shown in Fig. 2C , more apoptotic cells were observed in the group treated with the combination of cisplatin and miR-193b mimic than the single-treatment group. Together, these results indicated that miR-193b efficiently sensitized the HepG2 cells to cisplatin cytotoxicity in vitro.
Mcl-1 is the direct target of miR-193b in HepG2 cells.
In order to explore the molecular mechanisms responsible for the sensitization by miR-193b to cisplatin treatment, we used TargetScan database and found that Mcl-1 may be a putative target of miR-193b (Fig. 3A) . We then showed that the transfection of miR-193b significantly suppressed the expression of Mcl-1 in the HepG2 cells (Fig. 3B) . To validate whether Mcl-1 is an actual target of miR-193b, an Mcl-1 3'-UTR fragment containing either a wild-type or mutant miR-193b binding sequence (Fig. 3A) was cloned into the pMIR reporter plasmid. After co-transfection with the pMIR reporter and miR-193b, a reduction in luciferase activity was observed for the wild-type construct-containing HepG2 cells. In contrast, the luciferase activity of the mutant or empty reporter in the presence of miR-193b was almost unaffected (Fig. 3C) . More importantly, transfection of Mcl-1 siRNA exhibited a function similar to miR-193b on sensitizing HepG2 cells to cisplatin-inducing cytotoxicity (Fig. 3D) . In addition, transfection with pcDNA3.1-Mcl-1 which contained no 3'-UTR sequences totally overcame the suppression of Mcl-1 caused by miR-193b (Fig. 3E) . Taken together, these results suggest that the expression of Mcl-1 was negatively regulated by miR-193b in the HCC cells, which may play an essential role in the synergism of miR-193b with cisplatin treatment.
miR-193b sensitizes cisplatin-induced apoptosis by downregulation of the expression of Mcl-1. Our preceding results
showed that miR-193b sensitized cisplatin-induced apoptosis in HepG2 cells and Mcl-1 is the direct target of miR-193b.
To further confirm whether miR-193b functions as a cisplatin sensitizer via the direct targeting of Mcl-1, HepG2 cells were co-transfected with pcDNA3.1-Mcl-1 and miR-193b for 24 h. Then, the culture media were replaced with fresh medium and cisplatin was added, and incubation was carried out for another 48 h. We found that the forced expression of Mcl-1 significantly decreased the growth inhibitory effect (Fig. 4A ) and apoptotic rate (Fig. 4B) in the combined treatment of cisplatin plus miR-193b.
miR-193b increases cisplatin-induced cell death via the caspase-3-dependent pathway in HepG2 cells.
Since the preceding results proved that the upregulation of miR-193b enhanced cell apoptosis caused by cisplatin, we investigated whether the synergistic effect of miR-193b on cisplatin-induced cell death is related with the caspase pathway. As shown in Fig. 5A , treatment with cisplatin plus miR-193b resulted in obvious cleavage of caspase-3 and its substrate PARP, and the activation of caspase-3 was impaired by the caspase inhibitor zVAD-fmk (15) . In contrast, cisplatin treatment alone showed a weak activation of caspase-3 in the HepG2 cells (Fig. 5A) . More importantly, cell death induced by cisplatin combined with miR-193b treatment was inhibited in the presence of zVAD-fmk, suggesting that the sensitization by miR-193b to cisplatin-mediated cell death was caspase-dependent (Fig. 5B) .
Discussion
Studies have demonstrated that miR-193b acts as a tumor suppressor in multiple cancer types. Mu et al demonstrated that downregulation of miR-193b is significantly correlated with differentiation, invasion and metastasis in gastric cancer (16) . Li et al showed that the expression of miR-193b was markedly decreased in pancreatic cancer and the transfection of miR-193b significantly inhibited the proliferation, invasion and metastasis of Panc-1 cells (17) . In the present study, we showed that the expression of miR-193b was downregulated in liver tumors and HCC cell lines, suggesting that miR-193b is a tumor suppressor in HCC.
Previous research has confirmed that some specific miRNAs enhance the antitumor effect of chemotherapeutic drugs in multiple tumor types, including HCC (18) (19) (20) . However, the molecular mechanisms of sensitization to chemotherapy caused by miRNAs remain unclear. Our findings demonstrated that miR-193b sensitized HepG2 cells to cisplatin-dependent cytotoxicity, inducing apoptosis.
Apoptosis is essential for normal development and homeostasis in a healthy body (21, 22) . Aberrant regulation of apoptosis plays an essential role in multiple human diseases including cancer, inducing tumorigenesis and acquired chemotherapy resistance (23, 24) . The apoptosis pathway is largely mediated by the Bcl-2 family proteins, which decide whether a cell continues to live or undergoes death through the intrinsic or mitochondrial apoptotic pathway (25, 26) . Among them, Mcl-1 is one of the anti-apoptotic Bcl-2 family members, which plays a key role in apoptosis-resistance and is often overexpressed in human cancers (12) . Recently, Mcl-1 has been confirmed to be regulated by miRNAs and was found to be associated with the curative effect of cisplatin in ovarian and breast cancer (27, 28) . In the present study, we identified miR-193b as a direct regulator of Mcl-1. Notably, knockdown of the Mcl-1 gene by specific siRNA showed a function similar to miR-193b on sensitizing HepG2 cells to cisplatin, inducing cell death. In contrast, enforced expression of Mcl-1 by pcDNA3.1-Mcl-1 vector ̔rescued' the HepG2 cells from apoptosis induced by cisplatin combined with miR-193b. These data emphasize the key role of Mcl-1 in cisplatin-dependent apoptosis of HCC cells.
Since the activation of caspase is a key event in the process of apoptosis, and the cleavage of caspase-3 is a common step in both the extrinsic and apoptosis pathway (29), we further studied whether the synergistic effect of miR-193b on cisplatin-inducing cell death is caspase-3-dependent. According to our results, treatment with cisplatin plus miR-193b led to obvious cleavage of caspase-3 and its substrate PARP, and zVAD-fmk increased the resistance of HepG2 cells to cisplatin plus miR-193b-induced cell death. We, therefore, conclude that miR-193b acts as a cisplatin sensitizer via the caspase-3-dependent pathway in HCC chemotherapy.
In summary, the present study demonstrated that miR193b is downregulated in human liver cancer cells. Moreover, miR-193b increased the sensitivity of HepG2 cells to the chemotherapy agent cisplatin by promoting apoptosis. Importantly, Mcl-1 was confirmed as a target of miR-193b in HCC, and the overexpression of miR-193b enhanced the sensitivity of cancer cells through the caspase-dependent apoptosis pathway. Our data demonstrated an important role for miR-193b in cisplatin therapy, which may provide a novel therapeutic strategy for the treatment of HCC.
